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Caveats
• High redshift : z>~2-3 (emphasis on z~3.3) 
• Star-forming galaxies : main sequence 
galaxies 
• Metallicity and ISM condition : "based on 
rest-frame optical spectral features", i.e., 
emission lines
What can we learn on ISM condition 
through rest-frame optical lines?
• Electron density and temperature, gas-phase metallicity, 
abundance ratios 
• Diagnostics on ionizing mechanisms via the BPT diagram 
• Gas metallicity is a result of a complex interplay between 
gas inflow, star formation, and outflow of the gas, 
containing fruitful information on the rates and 
timescales of them
Gas-phase metallicity
Mass--metallicity relation in the local Universe
• Quantification of MZR at 
z=0.07 with 53,000 galaxies 
• A tight Z(M) relation with 
σ=0.1 dex in metallicity 
• Strong outflow ejects 
metals effectively at lower 
masses
Tremonti+2004
z=0.07
MZR at z>0: what we knew a decade ago
Studies of mass--metallicity "relation" at higher redshift became possible in early 
2000s, but based on relatively small numbers 
Significant evolution in the normalization of MZR has been revealed up to z~3.5
z~2.2; Erb+2006 (N~90) z~3.5; Maiolino+2008 (N~10)
Lequeux+1979; Carollo&Lilly 2001; Lilly+2003; Kobulnicky&Kewley 2004; Maier+2004,2005,2006; Shapley+2004; van Dokkum+2004; 
Lamreille+2006
z~0.7; Savaglio+2005 (N~60)
MZR at z>0 as of today
Now, MZR has been studied up 
to z~5 with a large number of 
objects  
≫1000 objects at z~1.6 
~1000 at z~2.3 
~100 at z~3.3
z~1.6; Kashino, MO+2017 (N~700) z~2.3; Steidel+2014 (N~250)
z~3.3; Onodera+2016 (N~30) z~4.8; Faisst, MO+2016 (N~200; UV)
Kashino+2017; Mannucci+2009; 
Onodera+2010,2016; Hayashi+2009; 
Yoshikawa+2010; Yabe+2014,2015; 
Lamareille+2009; Steidel+2014; 
Sanders+2015; Troncoso+2014; 
Suzuki+2017; Ly+2014,2015,2016; 
Valentino+2014; Shimakawa+2014; 
Maier+2014,2015; Cullen+2014; 
Henry+2013; Masters+2014; Wuyts+2014; 
Zahid+2014; Perez-Montero+2013; 
Kacprzak+2015; Faisst+2016; 
Calabrò+2017, and many others; see also 
Tomoko Suzuki's talk
Z(M,SFR) relation from z=0 to high-z
• SFR appears to be a second parameter of MZR at z=0 
• Z(M,SFR) is claimed to be z-independent to z~2 (FMR) with significantly 
small scatter of 0.04 dex 
• Deviation from the FMR at z>3?
z=3.3
Ellison+2008; Tremonti+2004; Mannucci+2010; Lara-Lopez+2010; Andrews&Martini 2013; Troncoso+2014
Mannucci+2010
Issues in studying Z(M,SFR) at high-z
Simple extrapolation of Z(M,SFR) at z=0 to z=2-3 is dangerous 
Gas consumption timescale (τgas) and mass increase timescale 
(rsSFR-1) become closer at higher redshift
z~2-3
z=0 SDSS
Maier+2014; Lilly+2013
Data
Main-sequence galaxies 
at z~3.3 in COSMOS 
H and K bands with Keck/
MOSFIRE for 30-80 min 
per band in total 3 out of 
8.1 allocated nights 
43 out of 54 objects with 
detected emission line(s): 
resolved [OII]3727, 
[NeIII]3869, Hβ, 
[OIII]4959,5007
[O II] [Ne III] Hβ [O III]
Onodera+16
Impact of emission lines on SED fitting
Larger changes in M* 
and age with 
increasing emission 
line contribution 
SFR and Av are less 
affected as they are 
mostly constrained 
by the UV part of 
SEDs
Δlog M* Δlog SFR
ΔAv Δlog Age
Fraction of Hβ and [OIII] flux in K-band flux
Onodera+2016
MZR at z~3.3 w/ no SFR dependence
• No metallicity difference between galaxies above and below MS 
• Offset from the locally defined FMR is confirmed 
• The scatter in metallicity by varying the projection has no local minimum within 
uncertainties 
• Sample size may be too small to see the reduction of the scatter, if any
Onodera+2016
No reduction of the scatter
Recent studies on Z(M,SFR) at z<3
Recent studies at z>1.4 tend to claim a less important role of SFR in MZR 
SFR dependence appears to disappear naturally if SFR is either at its peak or 
constant (i.e., dSFR/dt=0; Lilly+2013; Onodera+2016)
Steidel+2014; Sanders+2015; Yabe+2015; Kashino+2016; but see Kacprzak+2016 
z~1.4; Yabe+2015 z~2.3; Steidel+2014
Redshift evolution of MZR
Strong evolution of SFE ε 
(inverse of τgas) fit well up to 
z~2 
At z~3, a milder evolution of 
ε is inferred (cf. ε∝(1+z)0.34 by 
Genzel+2015; Schinnerer+2016; 
Tacconi+2017) 
Nitrogen-related issues for 
N2 metallicities at 1<z<2 
studies? (e.g., Yabe+2015; 
Kashino+2016ab; Masters+2016; 
Steidel+2016) Onodera+2016
Ionization condition
BPT diagram
• Well-known offset in BPT diagram 
for high redshift galaxies 
• But, responsible physical 
mechanism(s) is not clear: 
• Harder ionizing spectrum 
(e.g., Steidel+2014,2016; 
Nakajima+2016; Strom+2017) 
• Larger ionization parameters 
(e.g., Kashino+2017) 
• N/O enhancement (e.g., 
Masters+2014; Shapley+2015; 
Sanders+2016)
Strom+2017
Kewley+2013
z=0
z~2.3
O32/R23 diagnostics
• Ionization parameter-sensitive O32 vs metallicity sensitive R23 
• High-redshift galaxies are located at the tip of the local distribution 
• Large ionization parameter is required 
• Likely due to harder ionizing radiation (e.g., low metallicity stellar population with binaries) 
and/or density-bounded HII regions (Nakajima+2016; Steidel+2016; Strom+2016)
Onodera+2016
Steidel+2016
Ionization parameter
log M* log SFR log sSFR
ΔMS 12+log(O/H)
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Electron density
Evolution toward higher redshift: 10-100 /cc at z=0 to 100-1000 /cc at z>2-3 
However, apparently no correlation with galaxy properties such as mass, SFR, sSFR, 
metallicity, and ionization parameter, partly (mainly?) due to small sample and large 
scatter
z~2.3
z=0
electron density
z=3.3
Sanders+2016 Onodera+2016
Shirazi+2014; Steidel+2014; Hayashi+2015; Shimakawa+2015; Yabe+2015; Kashino+2016; Kaasinen+2017; Puglisi+2017 
Electron density
log M* log SFR log sSFR
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Wishlist for (near) future
Metallicity calibration
z=0; Curti+2017
Sanders+2016
Direct metallicity based on [OIII]4363 line is available at z=0, 
and it appears to be unchanged up to z=3.1 
Need more [OIII]4363 detected objects to establish high 
redshift calibration 
Improved photoionization models would be also very important
Missing populations at z>3
Dusty galaxies 
As important as non-dusty 
galaxies at z~2.5 
Far-IR lines are easier?
Extreme emission line galaxies 
Systematically studied at z<2, but not 
at z>3 
Probable analog of galaxies 
responsible for cosmic reionization
Marchesini+2014; Martis+2016; Marsan+2017; Umehata+2017, talk 
van der Wel+2011; de Barros+2016; Maseda+2014; Amorin+2014,2017; Forrest+2017
Martis+2016
Onodera, in prep.
1.8h w/ Subaru/MOIRCS
z=3.32
Missing observable
Molecular gas content at z>3 
It's becoming possible, though still challenging (e.g., Magdis+2012,2017; Tan+2014; Schinnerer+2016) 
Still optical/near-IR/submm observations does not seem to be coordinated (Bothwell+2016ab)
Bothwell+2016
Yes, we need more data
Statistics 
Optical-near-IR spectrographs with large multiplex, e.g, PFS, MOONS, 
4MOST, DESI, will enable us to study ISM physics with >105 objects up to 
z~1.5-2.5 like SDSS does at z=0 
More distant and fainter objects 
JWST will tell us about ISM conditions and metallicities of galaxies even 
at the epoch of reionization by using the same technique applied to 
lower redshift galaxies 
Some are obvious applications, but a lot of surprises must come to 
confuse/entertain us
Summary
• Gas-phase metallicity and ionization condition can be studied now with many 
objects up to z~5, but still need larger samples and a convergence on basic 
understanding of calibrations of measurements 
• MZR evolves toward high redshift and may become less dependent on SFR 
• At z>2-3, star-forming galaxies have higher electron density, and larger 
ionization parameters, likely due to harder ionization spectrum and density-
bounded HII regions (possibly as well as N/O enhancement) 
• High multiplex MOS spectrographs like Subaru/PFS and VLT/MOONS will 
contribute to improve statistics at intermediate-z significantly 
• JWST will enable us to continue these exercises toward the epoch of 
reionization and hopefully deliver a lot of unknown unknowns
